Helper-dependent adenovirus vectors (hdAd), which are deleted of all viral protein-coding sequences, can mediate long-term expression of a therapeutic transgene and lead to life-long, phenotypic correction in animal models of genetic disease. Here, we describe a new system for the generation of hdAd, which utilizes the DNA size restrictions imposed on an Ad virion deleted of protein IX (pIX): such virions are reported to package up to only B35 kb of viral DNA. A pIX À helper virus (B37.3 kb) was easily grown on complementing 293pIX cells. Upon infection of noncomplementing cells, this virus was not capable of forming infectious virions, but provided replicative and packaging functions for propagation of a 30-kb hdAd. The pIX À helper virus was effective in amplifying an hdAd and, in combination with Cre-mediated excision in the viral-packaging signal, resulted in a 1000-fold reduction in helper virus contamination in hdAd stocks compared to Cre/lox alone, as determined by plaque assay.
Introduction
Adenovirus vectors deleted of all viral protein-coding sequences, herein termed helper-dependent Ad vectors (hdAd), have proven to be very effective in delivering therapeutic genes for gene therapy applications (reviewed in Amalfitano and Parks 1 ). As with traditional early region 1 (E1)-deleted Ad vectors, hdAds retain the desirable characteristic of high transduction efficiency of both dividing and nondividing cells derived from a variety of different cell types and tissues, and also have the added advantage of increased cloning capacity (B36 kb, compared to B8 kb for a E1/E3-deleted Ad), increased safety (replication-competent Ad cannot be generated from hdAd), and reduced acute and chronic toxicity. [2] [3] [4] [5] To prepare hdAd stocks, we and others have employed recombination systems to prevent packaging of the helper virus. [6] [7] [8] [9] In these systems, the helper virus is an E1-deleted Ad with a packaging signal flanked by loxP sites (for a Cre/lox-based system) or frt sites (for an Flp/frt-based system). These helper viruses can be propagated in 293 cells; however, upon infection of a 293-derived cell line that also expresses the Cre (or Flp) recombinase, the packaging signal is excised, rendering the helper virus genome unpackageable. Despite lack of a packaging signal, the helper virus genome retains the ability to replicate and express all the functions required in trans for propagating an hdAd. These systems facilitate the generation of high-titre hdAd preparations with low levels of contaminating helper virus, typically approximately 0.1% of the hdAd titre. Currently, these recombination-based systems are favoured methods employed to produce most hdAds for gene therapy studies. The most recent improvement is the development of 293-based cell lines that coexpress Cre and the Ad single-strand DNA-binding protein or DNA polymerase and preterminal protein. 10, 11 Thus, a multiply deleted helper virus can be used to generate hdAd vectors, further improving the safety profile of hdAd.
As mentioned, the level of helper virus contamination from the recombination-based systems is currently about 0.1% of the vector titre (one helper virus particle for every 10 3 hdAd). This level of helper virus has not compromised the efficacy of hdAd vectors in animal studies, where very long-term expression (41 year) of transgene has been observed in some studies; 2, 5, 12, 13 however, as we proceed into the testing of hdAd in human clinical trials of genetic disease, helper virus contamination may be more of a concern for a number of reasons. For example, a typical high dose in mouse studies is 10 11 viral particles (vp), whereas a human study might involve 10 13 vp and, correspondingly, 100 times more helper virus (ie administration of 10 10 E1-deleted helper vp). This level of helper virus may have significant consequences that could compromise effective gene therapy. First, this dose of an E1-deleted Ad is sufficient to generate a strong CTL response in mice (likely also in humans), which may compromise hdAd persistence and function during the first hdAd vector administration or on subsequent vector readministrations. Second, E1-deleted Ads have been shown to have significant acute and chronic toxicity, 14 and the presence of this level of helper virus may have contributed to the slight toxicity that has been observed after delivery of very high doses of hdAd. 4 However, we would expect E1-deleted Ad and hdAd to elicit a similar level of inflammation immediately after infection, since much of the very early inflammatory response is due to the Ad capsid proteins (identical between the two types of Ad vectors) delivered at the time of vector administration. 15, 16 Lastly, from a production standpoint, reduced helper virus contamination would be a distinct advantage. Current methods for purifying hdAd employ cesium chloride buoyant density centrifugation which, although has the advantage of reducing the helper virus contamination approximately 10-fold relative to helper content before purification, is difficult to automate and is not ideal for large-scale production of clinical grade vector, where column chromatography methods are preferred. Therefore, it is desirable to develop a method of production for hdAd which results in lower levels of helper virus and which would not require the additional level of purity (ie separation of helper virus and hdAd) provided by the cesium chloride banding.
Like many icosohedral viruses (bacteriophage lambda being perhaps the best example), Ad vectors have an upper limit to DNA packaging of B105% of the wildtype genome length. 17 We have determined that Ads also have a lower limit to efficient DNA packaging of B75% of the wild-type genome length. 18 Vector DNA above or below these limits tends to rearrange during serial passages, resulting in viral genomes with a final size falling within the 27-37.8 kb limit. Presumably, DNA outside the packaging limits destabilizes the capsid, resulting in a strong selection for virus DNA that has rearranged to a more appropriate size. Stability of the adenovirus capsid is conferred, at least in part, by protein IX (pIX). pIX associates with the hexons that make up the facets of the icosahedron 19 , and although originally thought to be dispensable for virion formation, 20 pIX was shown to be essential for the packaging of full-length viral DNA molecules. 21 Deletion of pIX results in virions that are heat labile, with capsids that can accommodate only 35 kb of viral DNA (B97% of the wild-type genome). Thus, deletion of pIX should provide a means of selecting for virions that contain viral DNA that is less than the size of the wild-type genome.
Here, we describe the use of the DNA size constraints imposed on virions that lack pIX, in an attempt to further reduce the helper virus contamination from our Cre/lox system. In this system (Figure 1 ), a pIX-deleted helper virus of greater than 35 kb is rescued and propagated in a 293-based cell line expressing pIX. Upon infection of 293 cells, the helper virus is able to replicate, but should be unable to package its own DNA into viral capsids due to DNA size limitations. However, the helper virus is able to provide all the functions required in trans for replication of a second vector deleted of all viral proteincoding sequences, but containing the appropriate cisacting elements (the viral-packaging signal and the inverted terminal repeats). We demonstrate that pIX deletion does provide a strong selection against the helper virus; however, defective virions that contain intact helper virus DNA, but are unable to form plaques, are also generated. We also show that the pIX-deleted hdAds are able to infect cells and provide a level of transgene expression similar to hdAds that contain pIX.
Results and discussion
Rationale hdAd vectors have proven to be very effective at delivering transgenes in models of genetic disease, and can mediate very long-term expression of the therapeutic protein and, in many cases, lead to phenotypic correction of a genetic defect. 3, 5, 12, 13 To increase the safety profile of hdAd further, we endeavoured to design a new system for amplifying hdAd, which would reduce the levels of helper virus contamination in hdAd stocks. A previously Figure 1 Theoretical design of a pIX-based system for generating hdAd. A pIX-deleted helper virus of greater than 35 kb is rescued and propagated in a 293-based cell line expressing pIX. Upon infection of 293 cells, the helper virus is able to replicate, but is unable to package its own DNA into viral capsids due to DNA size limitations. However, the helper virus is able to provide all the functions required in trans for replication of a second vector deleted of all viral protein-coding sequences, but containing the appropriate cis-acting elements (the viral-packaging signal, c, and the inverted terminal repeats, white arrows). This system can be combined with Cre/ lox, 8 to increase the efficiency of packaging of the hdAd DNA. Figure 1 .
Generation and characterization of 293pIX
To generate a cell line that complemented pIX deletions, we utilized an expression plasmid, pRP2027, which contained an Ad5 pIX expression cassette upstream of an EMCV IRES and hygromycin resistance gene. The combination of IRES and selectable marker ensures that most, if not all, identified clones will express pIX. Several independent cell lines were generated with this plasmid. Ad virions that do not contain pIX are more heat labile than virions that contain pIX. 20 Therefore, we screened our 293pIX isolates for their ability to complement the growth of a pIX-deleted virus, AddlE1,3luc, and form virions with greater heat stability relative to pIX-deleted virions grown in parental 293 cells (Figure 2a ). Under our experimental conditions, AdLC8cluc, a virus that encodes and expresses pIX, showed approximately a 50% decrease in luciferase activity after heating at 451C for 30 min. In contrast, heating a pIX-deleted virus grown on 293 cells resulted in a 100-fold decrease in luciferase activity, consistent with a loss of virion stability. All our 293pIX cell lines appeared to complement the pIX deletion in AddlE1,3luc, resulting in an increase in the relative levels of luciferase expression of heated virus to 0.5-60% of that obtained with pIX þ virus (data not shown). One of our cell lines, 293pIX clone 4-5 (hereinafter simply referred to as 293pIXc4), appeared to be the most effective at complementation (Figure 2a ), suggesting that it had the highest levels of pIX expression. To determine the level of pIX expression from 293pIXc4 cells, we isolated RNA from the cell line and compared the level of expression to that obtained from 293 cells infected with varying moi of AdRP2233, an E1 þ /pIX þ virus. As shown in Figure 2b , 293pIXc4 produces pIX transcripts at levels similar to those induced by wild-type Ad infection, between an moi of 1 and 0.1. This level of expression is consistent with our heat stability data showing that AddlE1,3luc stability was increased to approximately 60% of that observed for our pIX þ virus (Figure 2a ). Thus, our 293pIXc4 cell line produces sufficient levels of pIX to complement the growth of pIX-deleted virus, as has been described in other studies. 22, 23 We tested whether 293pIXc4 cells were still able to support Ad replication as well as the parental 293 cell line, by performing a plaque assay on both cell lines using the same stock of AdRP2233. We obtained 
Construction of pIX-deleted helper virus and amplification of hdAd
There were a number of considerations in designing the helper virus for a system based on pIX size exclusion. First, the absence of pIX provides a very strong selection for the spontaneous generation of rearranged viral genomes, which have deleted nonessential regions in Figure 2 Panel (a): Virus complementation mediated by 293pIXc4. 293 cells or 293pIXc4 cells were used to grow AddlE1,3luc, a pIX-deleted virus encoding a luciferase expression cassette or AdLC8cluc, a virus that encodes pIX and contains the same luciferase expression cassette as AddlE1,3luc. Equal aliquots of the resulting virus stocks were heated for 15 or 30 min at 451C or placed on ice. These aliquots were then used to infect 293 cells, and luciferase activity expressed by the virus was measured 18 h later. Relative luciferase activity (Y-axis) represents the amount of luciferase activity obtained from the heated sample divided by that obtained from the sample incubated on ice. Panel (b): pIX expression in 293pIXc4 cells. RNA was isolated from 293pIXc4 cells or 293 cells infected with varying moi of AdRP2233 (an E1 þ /pIX þ virus) at 24 h postinfection. The RNA was immobilized on a nylon membrane, and probed with DIG-labelled pIX DNA. The resulting autoradiograph was analysed for signal intensity using ImageJ software, as shown on the Y-axis.
Size-restricted amplification of adenovirus KL Sargent et al order to circumvent the requirement for pIX. 21 Typically, we include a 'stuffer' element within the E3 region such that, should the helper virus recombine with the Ad5 sequences contained in the 293 cell line, resulting in the transfer of E1 into the virus (ie formation of replicationcompetent Ad, RCA), the resulting viral DNA is too large to package. 7, 8, 24 This strategy has essentially eliminated problems of RCA formation in the hdAd system. However, this stuffer element is under no positive selection and is therefore nonessential, and might be spontaneously deleted from a helper virus in a pIX system. Therefore, we chose to redesign the right end of the virus to incorporate a stuffer in E3 that was under positive selection. E4 functions can be fully complemented by either E4orf3 or E4orf6; however, viruses that retain both E4orf3 and orf6 have a selective growth advantage. 25 We left the E4 coding sequence largely intact, with the exception of the deletion of 294 bp of E4orf6 coding sequence, and placed E4orf6 under the regulation of the MMTV promoter within the E3 region. We flanked the packaging signal in our helper virus with loxP sites so that, if necessary, we could combine the pIX and Cre/lox systems to provide a double selection against the helper virus. Finally, on the assumption that a pIX selection system might be most effective if the DNA size of the helper virus exceeded the limit for packaging in a pIX þ virion (B35 kb) by as much as possible, we included a small segment of bacteriophage lambda DNA in the E1 region to increase the overall size of the helper virus to 37.3 kb. Helper virus AdRP2105a (Figure 3a ) was easily rescued in 293pIXc4 cells, and the resulting virus stock had a particle to PFU ratio of 140:1.
To test whether AdRP2105a could act as a helper virus for amplification of hdAd, we performed an experiment in which we compared hdAd amplification using the standard Cre/lox system (Figure 3b ), versus our pIXdeleted helper virus in 293 cells (Figure 3c ). Amplification of AdRP2098 with AdRP2050, an E1-deleted helper virus with a floxed packaging signal, resulted in typical amplification kinetics; an approximate 10-fold increase in hdAd titre with each serial passage, and a titre of B10 8 blue forming units (bfu)/ml by passage 4. The level of helper virus contamination over all passages was approximately 10 5 pfu/ml, as determined by plaque assay. In contrast, using AdRP2105a, an E1/pIX-deleted helper virus in 293 cells, we observed a 10-fold lower level of helper virus; however, the recovery of hdAd was reduced by 10-100-fold compared to our Cre/lox system. The level of hdAd reached a plateau of B2 Â 10 6 bfu/ml, and did not increase with subsequent passages (data not shown).
One reason for the low recovery of hdAd using the pIX system may be due to competition for packaging factors between the hdAd and helper virus. In the Cre/ lox system, the packaging signal is removed from the majority of the helper virus; so the only packaging signal available for virion formation is that located on the hdAd DNA. Since packaging factors are believed to be in limited quantities within infected cells, 26 it is possible that the presence of the packaging signal within the pIXdeleted helper virus provided competition for the hdAd DNA (ie although the helper virus DNA is too large to package fully, capsids could still nucleate on the helper virus-packaging signal, sequestering limited packaging factors but, ultimately, resulting in abortive packaging). Therefore, we tested the pIX-deleted virus in combination with the Cre/lox system for removal of the helper virus-packaging signal. As shown in Figure 3d , combining the two systems resulted in both an increase in hdAd titre and a decrease in helper virus titre at passage 4 (6 Â 10 7 bfu/ml and 2 Â 10 2 PFU/ml, respectively). Indeed, the level of helper virus contamination, as determined by plaque assay, was 1000-fold lower using Cre/lox/pIX compared to Cre/lox alone ( Figure 3 , panels b and d). After four serial passages in AdRP2105a-infected 293Cre cells, the titre of hdAdlacZ appeared to plateau at approximately 6 Â 10 7 bfu/ml, which is similar to the titre we observed with our Ad5-and Ad2-based helper viruses in the Cre/lox system using a similar hdAd backbone (Figure 3b , 8, 24 ). Analysis of helper virus DNA from several plaque isolates obtained on 293pIXc4 showed that the structure of the helper virus was unaltered, even after four serial passages (data not shown). No plaques were observed on normal 293 cells. Thus, we conclude that AdRP2105a can act as a very effective helper virus in a Cre/lox/pIXbased system for generating hdAd.
hdAd stocks generated using Cre/lox/pIX contain defective helper virus particles
We determined that using pIX size selection, in combination with Cre/lox, resulted in a significant decrease in the amount of helper virus recovered in the crude hdAd preparations (B1000-fold reduction), as determined by plaque assay on 293pIXc4 cells. To verify the level of helper virus in our stocks, we performed slot blot analysis of DNA isolated from cesium chloride (CsCl)-purified virions. This analysis showed that the ratio of hdAd DNA to helper virus DNA was actually 500:1. Thus, there was a significant amount of helper virus DNA that was packaged, but unable to form plaques on Size-restricted amplification of adenovirus KL Sargent et al 293 or 293pIXc4 cells. To characterize the nature of the defective helper virus, we performed Southern blot analysis of the DNA isolated from virions. Surprisingly, the helper virus DNA isolated from virions was intact and had not undergone genetic rearrangement ( Figure  4 ), as might have been expected given the strong selection for reduced DNA size provided by pIX. Therefore, deletion of pIX from virions does not prevent packaging of the entire 37.3 kb helper virus DNA molecule; however, the resulting virions are defective and cannot establish productive infections and form plaques.
Characterization of hdAd deleted of pIX
Although the hdAd stocks generated using the Cre/lox/ pIX system were contaminated with a defective helper virus at a level of B0.2%, we were able to carry out a preliminary characterization of the hdAd vector generated with this system. A large-scale preparation of hdAdlacZ was performed using AdRP2105a and 293Cre cells, and the resulting crude vector was purified by a single centrifugation on a CsCl step gradient, followed by buoyant density centrifugation in a continuous CsCl gradient, and dialysis against PBS. Purified vector was titred on 293 cells for the hdAd (bfu/ml) and for helper virus titre (PFU/ml) on 293pIXc4 and 293 cells. No plaques were observed on 293 cells. The titre of the hdAdlacZ was 2.4 Â 10 9 bfu/ml, and the titre of AdRP2105a was 2.4 Â 10 4 PFU/ml; however, based on slot-blot analysis of DNA isolated from virions, defective helper particles were present in the preparation at a frequency of approximately 0.2% of the hdAd. The 'burst size' for hdAd generated with the Cre/lox/pIX system was B1000 hdAd vp/cell.
To determine if the hdAd virions generated with the Cre/lox/pIX system were heat sensitive, as would be expected if they were missing pIX, we performed a heat inactivation experiment on the purified hdAd(pIXÀ) As shown in Figure 5 , hdAdlacZ(pIXÀ) was indeed heat labile. Since susceptibility to heat inactivation reflects a reduced innate stability of the vector, we endeavoured to establish conditions under which the virions were stable even during heating at 451C. We determined that simply storing our hdAd stocks in PBS supplemented with 10% sucrose, rather than in PBS or PBS supplemented with 4% sucrose (our normal method of cryopreservation), resulted in a dramatic increase in the stability of the virions. After a 30-min incubation period at 451C, the titre of hdAdlacZ(pIXÀ) was reduced by only 30%, similar to what was observed for wild-type Ad incubated in PBS (Figure 2 , data not shown). We conclude that the increased thermolability, which is a characteristic of pIXdeleted virions, can be circumvented by storing the vector in PBS supplemented with 10% sucrose.
To determine if the pIX-deleted hdAd could efficiently transduce mammalian cells and lead to transgene expression, we performed a time course of b-gal expression in A549 cells of hdAdlacZ generated using AdRP2105a or AdRP2050. Both vectors were able to transduce A549 cells resulting in b-gal production; however, expression from hdAdlacZ(pIXÀ) was slightly reduced relative to hdAdlacZ(pIX þ ) ( Figure 6 ). Indeed, Figure 4 Southern blot analysis of the structure of AdRP2105a. DNA was isolated from virions after hdAd amplification and cesium chloride purification. The resulting DNA, which is a mix of hdAd and helper virus DNA (approximately 500:1), was digested with NheI, and separated by agarose gel electrophoresis. As controls, the plasmids used to generate the hdAdlacZ and helper virus (pRP2098 and pRP2105a, respectively) were digested with NheI and PacI, and loaded in adjacent lanes. The DNA was transferred onto a nylon membrane and hybridized to radioactively labelled pRP2105a. The pRP2105a probe is expected to crosshybridize with both the left and right ends of pRP2098 (2081 and 28099 bp, respectively). The 2033 -bp PacI fragment corresponding to the ampicillin gene and origin or replication of pRP2105a is not present in AdRP2015a, since this fragment is liberated prior to rescue of the virus. Upon overexposure, an additional band of 687 bp was present in the lanes containing pRP2105a and AdRP2105a (data not shown). Figure 5 Heat stability of hdAdlacZ(pIXÀ). Aliquots of hdAdlacZ generated using AdRP2105a were incubated for 0, 15, or 30 min at 451C in the presence of 0, 4, or 10% sucrose, and the resulting vector titre was determined by bfu assay on 293 cells.
Size-restricted amplification of adenovirus KL Sargent et al on a per transduced cell basis, the quantity of b-gal produced from hdAdlacZ(pIXÀ) was reduced by approximately 20% compared to hdAdlacZ(pIX þ ) (18672.83 pg b-gal per transduced cell versus 23177.78 pg b-gal per transduced cell, respectively). Nevertheless, our pIX-deleted helper virus could complement the growth of a fully deleted Ad vector that was effective in transducing mammalian cells and could induce high levels of transgene expression.
Our results demonstrate that deletion of pIX from a helper virus used in the Cre/lox system for generating hdAd provides an unexpected selection against the helper virus: the helper virus DNA is packaged into virions, but is not able to establish a productive infection. We are currently investigating whether the defect is in virion attachment to the cell, translocation of the viral DNA and capsid to the nucleus, or some other phase of the virus lifecycle. Previous studies suggested that pIX-deleted virions could physically accommodate only approximately 35 kb of viral DNA. 21 This conclusion was based on the inability to recover infectious virus (ie by plaque assay) when the predicted genome size exceeded 35 kb and the virions lacked pIX. Our data suggest that virions lacking pIX and containing greater than 35 kb can be efficiently generated; however, once formed, these virions cannot complete a subsequent stage of the virus lifecycle and, therefore, are not detected in a plaque assay. In the system described in this study, this defective helper population persists as a contaminant during amplification of the hdAd. Thus, although deletion of pIX may represent a possible alternative system for hdAd production, particularly in combination with the Cre/lox system, the nature of the defect in the contaminating helper virus must be elucidated, and methods must be developed to prevent recovery of this virus population before this approach can reach its full potential.
Materials and methods

Cell culture and generation of 293pIX
All cell culture media and reagents were obtained from Gibco Laboratories (Grand Island, NY, USA). 293 27 and A549 (human lung carcinoma, ATCC CCL 185) cells were grown in a monolayer in minimum essential medium supplemented with 100 U penicillin/ml, 100 mg streptomycin/ml, 2.5 mg fungizone/ml, and 10% foetal bovine serum (complete medium). The 293-derived cell line that stably expresses the Cre recombinase, 293Cre4, 28 was propagated in complete medium supplemented with 0.4 mg/ml G418.
A 293 cell line which stably expressed the Ad5 pIX was generated using pRP2027, which contains the Ad5 pIX gene under regulation by the murine cytomegalovirus immediate-early promoter (MCMV) fused to an Ad-immunoglobulin hybrid intron, 29, 30 and the encephalomyocarditis virus (EMCV) internal ribosome entry site (IRES) located between pIX and the hygromycin resistance gene, as previously described. 7 Circular pRP2027 (2 mg) was transfected into a 35 -mm dish of 293 cells using Superfect (Qiagen), as recommended by the manufacturer. Next day, the cells were transferred onto a 10 cm dish and placed under hygromycin selection (200 or 400 mg/m). After 3 weeks, individual colonies were isolated, expanded, and assayed for their ability to complement a pIX-deleted Ad virus in a heat-inactivation assay.
To evaluate the level of pIX expression in 293pIXc4 cells, RNA was isolated from 10 5 cells using Trizol reagent (Gibco). As a control, RNA was isolated from 10 5 293 cells infected with varying moi of AdRP2233, a virus which contains both E1 and pIX coding sequences, 24 h after infection. Equal aliquots of the RNA were applied to a nylon membrane using a slot blot apparatus, and hybridized to random prime, DIG-labelled pIX DNA, as recommended by the manufacturer (Roche). Densitometry analysis was performed on the resulting autoradiograph, and the band intensity was calculated using ImageJ software (Wayne Rasband, National Institutes of Health, Bethesda, MD, USA).
Helper virus and generation of hdAd
AdRP2050 helper virus contains the viral-packaging signal flanked by loxP sites (identical in structure to the left end of AdLC8cluc 8 ), and contains wild-type E3 sequence with a 2890 -bp fragment from intron 2 of the human low-density lipoprotein receptor-related protein (LRP5) inserted into an XbaI site (28593 bp on the conventional Ad5 map). AdLC8cluc and AdRP2050 were grown and titred on 293 cells, as previously described. AddlE1,3luc is an E1/pIX/E3-deleted Ad vector that contains a human CMV (HCMV)-luciferase expression cassette replacing E3. The genome of this virus is below the size that requires pIX for packaging and, thus, this virus could be grown and titred on 293 cells.
The pIX-deleted helper virus, AdRP2105a, contains the following genome modifications. The packaging signal is flanked by loxP sites, which are positioned identical to that of AdLC8cluc. 8 The E1 coding sequence as well as the pIX coding sequence was removed (up to an MfeI site located at position 3925 bp of the conventional Ad5 map). Replacing the pIX gene is a 2163-bp fragment of bacteriophage lambda DNA, which was included to SV40 pA) , was reintroduced into a Bst1107I restriction site within the E3 region. The virus was originally constructed as an infectious plasmid using a combination of conventional and recombinational cloning in RecA þ bacteria. 31, 32 The details of construction are available upon request.
HdAd vector amplification with either AdRP2050 or AdRP2105a was performed as previously described. 8 HdAdlacZ is deleted of all Ad protein-coding sequences, but contains an Ad5 right and left inverted terminal repeats and packaging signal, and has been previously described. 33 hdAdlacZ also contains the E. coli bgalactosidase gene under the regulation of the MCMV promoter and SV40 pA. To maintain the size of this vector above the lower limit for efficient DNA packaging (B28 kb), 18 hdAdlacZ contains a B22-kb fragment of eukaryotic DNA derived from the human hypoxanthineguanine phosphoribosyltransferase (HPRT) gene. 34 b-galactosidase expression studies were performed in A549 cells, as previously described. 34 
Virion heat inactivation assay
Virions that contain pIX are more resistant to inactivation by heating at 451C than virions that lack pIX. 20 . To test our 293pIX isolates, cells were plated in a 12-well plate and, next day, were infected with 2 Â 10 5 PFU of AddlE1,3luc for 1 h, and overlaid with fresh medium. As controls, parental 293 were infected with AddlE1,3luc (negative control) or AdLC8cluc (pIX þ virus with the same E3 insert, positive control). After 3 days, the infected monolayers were harvested and frozen at À801C. After thawing, the cell debris was removed by brief centrifugation and two aliquots for each cell lysate were prepared, containing 100 ml of lysate and 100 ml of PBS. One aliquot was placed on ice and the other was incubated at 451C for 15 or 30 min. After the heating step, the entire aliquot of virus was used to infect a single well in a six-well plate of 293 cells. At 18 h postinfection, the medium was removed, the monolayers were washed once with PBS, and the cells were lysed in 400 ml/well Reporter Lysis Buffer (Promega). The resulting crude cell lysate was assayed for luciferase activity using a Berthold luminometer and a commercially available kit (Promega). The ability of the cell lines to complement the pIX deletion in AddlE1,3luc was measured as a higher ratio of luciferase activity (luciferase activity from 451C virus)/(luciferase activity from 01C virus). For testing hdAd vector containing or not containing pIX, we used a similar heating protocol, but scored inactivation as a decrease in the number of blue cells (bfu) for the lacZexpressing hdAd, after X-gal staining of infected 293 cells, as previously described. 8 
Slot-blot analysis of vector DNA
To determine the relative levels of hdAd and helper virus DNA present in purified virions, we performed slot blot analysis and compared the quantity of each DNA to serial dilutions of an appropriate control plasmid. Briefly, DNA was isolated from virions by mixing purified virions with an equal volume of lysis solution (0.5 mg/ml proteinase K, 0.5% sodium dodecyl sulphate, 10-mM Tris-HCl pH 7.4, 10-mM EDTA), followed by incubation at 371C overnight. The DNA was purified by phenol/chloroform extraction, and precipitated by addition of equal volume isopropanol. The DNA was resuspended in water, and an aliquot was prepared and applied to a slot-blot apparatus, as recommended by the manufacturer (Fisher Scientific). In parallel, serial dilutions of the plasmids used to generate the hdAd (pRP2098) or helper virus (pRP2105a) were applied to the nylon membrane in the slot-blot apparatus. The resulting membrane was probed for lacZ sequences, indicative of the hdAd, or Ad5 DNA pol, indicative of the helper virus, using a nonradioactive probe (DIG High Prime DNA labelling and detection kit, Roche). The signal acquired for the sample of DNA from the virions was compared to the serial dilutions of plasmid to determine the quantity of hdAd and helper virus DNA present in the virions. The structure of helper virus DNA was determined by Southern blot analysis of DNA isolated from virions, as previously described. 35 
